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SUMMARY 

Calculations of the modal frequency and damping for a hingeless 
rotor on a gimballed support in hover are compared with measured results 
for two configurations (differing in blade flap stiffness) . Good correlation 
is obtained when an inflow dynamics model is used to account for the 
Influence of the unsteady aerodynamics. The effect of the unsteady 
aerodynamics is significant for this rotor system. The inflow dynamics 
model introduces additional states corresponding to perturbations of the 
wake induced velocity at the rotor disk. The calculations confirm the 
experimental obseirvation that the inflow mode introduced by these additional 
states is measureable for one configuration but not for the other. 
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INTV'DUOTION 


'^he Importance of unstea-ly aerodynamic forcer in aeroelastic 
phenomena hae lon^ heen acknowledged, based on both fixed wing and rotary 
wing experience. Yet an entirely satisfactory model for the unr.teady 
aero'’yn.imlcF of a helicopter rotor is still not available, particularly 
for problems such as flutter stability and handling qualities that involve 
transient motion of the system. A model for the noncirculatory loa’r can 
be T'fta'’lly cbta.lned from t*ro-dinenslonal unsteady airfoil theory, but the 
rcr.ultr from either two-dimensional or fixed-wing three-dimensional 
win," theory for the circulatory loads are not applicable since the vake 
nodelr are not correct for rotary wings. The 'development of a general 
thfo^V for rotary wing unrteai’y airloads is difficult due to the complex 
geometry of the rotor wake, even in hover. Moreover, in forward flight 
a tine -Invariant model of the system is not possible due to the perlcdically 
varying aerodyaamic environment of the blades. Consequently attention 
hn..' recently been focused on the development of relatively simple rodels 
for the unsteady aerodynamics. These models take the form of differential 
equations for parameters defining the vrake- induce'! velocity dirtribu+ion 
at the rotor disk. 


The development of such an Inflow dynamics model Involves tve steps. 
The first step is the identification, from analysis or exporlnent, of the 
structure and parameters of the unsteady aerodynamics model. The second 
step is the verification of model by correlation of calculations and 
measurements for progressively more diverse and complex neroelartic 
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pro^lenF. Consi'ieiaWe T>ro6reRs has b««i» «a<’e with the first step, 
although much remains to be ^one. The present paper Is a contribution 
to the secooi^ step. Botisman (Hef. l) has produced a set of e)(peri mental 
data that provider- an opportunity to examine the Influence of inflow 
dynamics on the coupled behavior of a rotor and body. In the eectlans 
below, the inflow dynamics model used and the experimental system will be 
dercribed. Then the measured data will be compared to calculations obtained 
with end without the Inflow dynamics model, and the Influence of unsteady 
aerodynamics on this system will be discussed. 

I’SPTtTRBATTCN TNFLC;: Xm PTH RtTCR UNSTEADY AERT DYNAf«ICS 

The inflow dynamics model used hei*e Is derive^ in detail in Refs. ? 
and 3* ?'or the present purposes only the Inflow perttirbatlon due to pitch 
an-^ roll nonenti' in hover is conridered. A wake-induced velocity perturbation 
that varies linearly over the rotor dick Is defined by 

iV - + \yrHnH> 

where r and V are the polar coordinates of the dirk. The variables 
an^’ are related to the aerodynamic pitch and roll moment coefficients 

O' 

(Oj* and Cj.? ) by first order differential equations i 
y ^ 



where ^ with K e- constant. 

The factor can bo obtained from differential momentum 

theory ar follovn (bef. ?), A thrust perturbation dT on the element of 



'’iRk area (?A ir relate*^, to the Inflow perturbation by <’T * m2 4v, where 
the nars flow rate is in * J^v^dA (vq and $v are the mean and perturbation 
Inflovi velocities, written and SX when made dlmenslonlese by dlvl'’lng 
by the rotor tip '••peed). Hence 

$v - 

line.?r variation of iv over the rotor disk Implies a linear variation of 
the load Inc d?/dA, which corresponds to pitch and roll monent*-. Tnlegratlc n 
of this exprerrion over the rotor disk produces then X\/^T! * ^/Vq* 

This result for can be derived more rigorously by nears of unsteady 

actuator dirk theory (Hefs. 2, U, and 5)* Neglecting the tine lag, the 
factor iV/i M *• *VVq produces a lift deficiency function of 

1 

r> _ — — 

1 

(sec Hef. ?; here a is the blade section lift curve slope and ir* is 

the •^otcr solidity ratio), which is identical to the lovr frequency approximati 

to loewy’s. lift deficiency function for Ivxrmonle loading (Hef , 2): 

' ■ * ^ ■0s 

(where t\/h is the ratio of the shed wake vertical spacing to the blade 
senlchord, hence h/h “ ^Vq/c*). The result iVift - ?/V for moment 
perturbatlonr In hover is also supported by parameter Identification 
from neasurenentr of rotoi flap response to cyclic control (Hefs. 6 and 7), 

The parameter K in the inflow tine lag Is obtained by considering 
the apparent mass of an inpemeable dirk subject to an angular 
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•acceleration (^ef, B)i 

H, - “ 0*113 

This v?ilue iP rupported ijy conparleon with experimental data (^ef. 9i 
for thrurt rerturbatione) and by parameter Identification renults (Heffi, 

^ and 7). "he value of k, seene to depend on the rotor mean loading 
Hrtrihution (?ef. 5)* There is some Indication that a lairger value 
(,?26, lef. 10) or smaller value (.006, Oef. 5) la appropriate In certain 
carer. V/5thout the tine lag (K, O), a quaslctatic inflow model Ir. ohtaine'’ , 

the effectr of which are expressed by the lift deficiency function ? given 
ihcve. Ter rotor dynamics problems in which the dominant aerodynamic 
forcer. ai*e the lift perturbations <1ue to angle of attack changer, the 
magnitude of the aerodynamic Influence Is d^^scrlbed by the blade lock number 
(which contalnr the section lift cvvrve slope)* Hence in such cares the effectr 
of the quarlrtatlc inflow model can be largely represented by the use of 
an effective Lock number that is the product of the actual Lock number 
and the lift deficiency function (Refs. 11 and IZ). A quar.lstntic inflow 
dynamlcr model har long been used in handling qualities analyses (see 
Hof . 13 for example) . A very large value of the time lag ( k •• ) would 
elininste the influence of the Inflow dynamics. 

Rxoerimental meanurenents of hub moment response to cyclic control 
and phnft or cilia tlons show a significant influence of the Inflow dynjinlcs 
(Hef. ^). The role of the inflow dynamics was identified In these mearurernentr 
by correlation with calculatlonr using the above modeli the good correlation 
obtained provider further support for the values of and |L. 'Jalculatlonr 
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of flap- lag ftablllty also pre<^ict a Rlgnificant Influence of the Inflow 
(’ynanics (’lefp. 14 15). The need for the tine lag appear? to depend’ 

on the problem Involved. The Influence of the time lag le often enough 
to be neafrureable, but the quaslotatlc nodel may still give qualitatively 
correct results. The Inflow dynamics model is not quite as well developed 
for for/iard flight as for hover, but considerable progress has been made 
(see ’’efs. 5» l?i l4-l5). 


IKSCHimCM CF THS RXrERIMBNTAL AmHATl’S 

Tho experimental data considered, here were obtained in an investig?itlor 
of ground resonance rtability in hover (Hef l). A model rotor with hingelers 
binder, on a glmbal support with pitch and roll degrees of freedom r'f.R 
tci-te-’. The orlmar/ parameters describing the system are given in Table 1. 

experimental mppmratus and teat techniques are described in detail In 
'lef. 1. Tort of the results presented in this paper are for a collective 
pitch os vero, but the cambered airfoil used has sero lift at an angle o.r 
ntt'idt cf -1.5°. Hence the rotor had a small positive thrust value at 
mere collective pitch. lift curve slope of 6,y) was used for this airfoil 
at low ”eynoldr number. The blades ha.'* flap and lag flexures at ra'Hnl 
station 0 . 105 H, with no pitch/flap or pltch/l*^6 couplings, "be collective 
pitch war introduce^’ outboard of the flexures. The blade? were very rtlfs 
In torsion. Two flap flexures were usedt oonflgimition 1, for vrhich the 
^Inp flexure had one-fourth the Ftlffnesr of the J-ag flexure j and ronflgur? tier. 
4, with equal flap a.md lag flexure stiffnesses. (The designation "configuration 
4" fellows Tef. 1.) 
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Table 1. Rotor RurameterB 


Number of blades 

3 

^adliiR, ^ 

0,<^11 m 

Solidity ratio 

0.0^l9^^ 

Lod: nianber 

P.U 

Twist 

0 

T3p t'ach number (at 1000 ttm ) 

0.?5 

Tip '’eynolds number (at 1000 rpn) 

?U3ooo. 

•Mrfoll 

KACA JOOir 

Heicht hub above ginbal 

0,2Ul m 

Monrotatlnc lag frequency 

Configuration 1 

6.70 He 

Configuration 4 

6.73 

Monrotatlnc flap frequency 

Configuration 1 

3.13 Hz 

Configuration 

6.63 Ha 


ORIGIN ALPAGK^ 
OP POOR QUAUTY 


- 6 - 



The blade lag stlffneRs was each that the rotating nat^iral frequency 
of the lag node was below onee>per>revolutlon for rotor cpeeds above 
445 rpn. The springs on the glmbal produced resonances between the 
regrersing lag node and the body pitch and roll modes at rotor speed!* of 
abou!; 595 rpra and 765 rpn respectively (see Tbble 2). At such resonance , 
with the blade lag frequency below l/rev, a ground resonance incteblllty Jo 
pornlble if the ryrten damping is low enough (!?ef. ?). 


XSCRIPTIC N CF THL ANALYSIS 

'^e aercelastic stability of this system was calculated using 

the analyrl;' described in Nef. 3* The only rotor degrees of freedom 

con«Jdsrc(’ were the f'.jndanental flap and la 3 nodes of each of the three 

blades. The body degrees of freedom consitted of pitch end roll notion 

about the glmbal, Tn hover, the coning and collective lag nodes do not 

cc”ple vfith such body notion. Hence the analytical model conatnted rf the 

rotor cyclic flap, cyclic lag, and body pitch and roll degrees of freedom 

(l’’ stater), Ibe variables \ and \ were included when the Inflcu 

X y 

'’ynanicj model was used (14 states). The paianeters required by the anrlyrU 
were e’eiomined from the known values of the geonetry, inortinr, nonrctatlng 
frequencies, an«’ nonrotating damping of the rotor and body (Nef. l). 

nSSlXTS FtH X?JFIC »NATICII 1 

In "igs. 1 to 5 the measured nodal frequencies and damping for 
configuration 1 (the soft flap flexure) t ’ a function of rotor speed are 
compared with calculations. The collective pitch is sero. The calculated 
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Table 2. Rotor‘By<*y Reeonaiios 


Pitch node 

’^otor spee<* (rpn) 

"lap frequency (per rev) 
Lag frequency (per rev) 
Poll mo'’e 

’’otor spee»' (rpn) 

?'lap frequency (per rev) 
Lag frequency (per rev) 


Configuration 1 Configuration 4 


5*^5 

605 

1.14 

1.J7 

O.ffl 

0.79 

745 

7«0 

I.IP 

i.?q 

0.69 

0.67 



rcrult'^ are for tno coses t vlth and vithout the inflow dynanicf nof^el. 

The normal frequencies CJ ere shown in Figs. 1 and 2, the danping ^ cf 
the rsgrerrlnc lag, body pitch, and body roll morses is shown in Flt;i- . ]} 
to 5* The eigenvalue is s • a node is unstable if is 

pjsltlve. The tegreecing lag mode damping shows a ground resonance 
Instability due to coupling with the roll mode. The designation of the 
nede^ !n these and the succeeding figures is defined in the nonsnclaturc 
lift. Vlthout the Inflow dynamics model, the calculated frequencies of the bedy 
ao"'er are too low for rotor speeds above the reronancer (Fig. ?); the lag nc-*e 
Ir too stable at the reronanqe (Fig. 3) I the pitch mode damping is too high 
(’^Ig. '0» *»* the roll node damping If far too high (Fig. 5). The body 
rtr^ictural danplng is nnall (note the value at O), so the dlrcrcw'.noic:' 

in “5gr. h and 5 are due to the aerodynamic forces. !-Jith the Inflow dyn.irlcr 
".odel, t!« frequencies are predicted well (Fig. 1;; the calculation of the 
1::g node danplng la improved, although it is rtlll too stable at the 
resoaance (Fig. 3){ the pitch mode damping is predlcte<i well, except thit 
It Is somewhat low at high rotor speed (Pig. h)| and the calculated roll 
node ’anping correlates well with the measurements (Fig. 5)* The predictlcr. 
of the lag node damping at the ground renonanet instability cculd be 
lmi^'ve«’ by reducing the structural damping of the rotor lag or body 
roll notion — if rone rational epproach for making such a change cculd 
be ortitbllehe*!. Mote that there are significant fhiftr in the bo*’y 
frequencies at low rctor spee*' due to refonance with the flap no^’es . Evtn 
with the rotor not rotating, the flap an^’ body motions are courlcd, with 
the effect that the flap-pitch and flap-roll frequency pair.' move apart. 

The :i ymmetry cf the body frequencies then produces the split in the regrerr in:. 
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aiy’ pro.'T'c-pf Inc flap frequencleo obrerved at zero rotor spee<^. 

calcitlate** no'^e Identifie** with the inflow (’ynamlce is shown in 
!'iC. 1. !!ore Information about the character of this mor’.e if providei^ by 
6, which nhowc the locus of the flap and Inflow roots an the Inflow 
tine lag varies. Only the flap degrees of freedom and the Inflow variabler 
were ure^ to calculate these roots. The points shown in Fig. 6 are the 
qui''lstatlc inflow caj^e ( K. * O), the case without Inflow dynamicc (K- 
nnd the inflow dynamics model used here ( K. = 0.113). The quasirtatjc rcotr 
are obtained from the roots without inflow dynamicr by multiplying the IjOcT: 
nmiher by the lift deficiency function. The consequence of such a reduction 
in cfffctivc Lock number Is a re’uction In the damping, with no chance in 
the magnitude of the root (in the rotating frame). In the range K 0.0*^ 
t' P.0,% the flap motion and inflow variables, are highly couple^’, as rhown 
by the fact that the regressing flap and inflow nodes switch character (''Ir r 
note thf*t the root corresponding tc the uncounle<1 Inflow lag for R “ 0.113 
ir much dicfpyent from the coupled Inflow roots). As a result of the great 
ccu’^llng with the inflow variables, the regressing flap mode actually hr.s 
h^yher damping at k ■ 0,113 than It doer without the Inflow dynamics; and 
the Inflow mode ir a low frequency oscillatory node, as shown In Fig, 1. 

The neas.ured frequencies and regressing lag node '’anplng are conprre'’ 
*’1th colculatlonr using the quarlrtatlc Inflow model In Flgr. 7 .mnd 
nonrots ting bo’y frequencies are still predicted well, but the calculated 
body frequencies are much too high at rotor speeds above about 300 rpm 
(■^Ig. 7). "oncequently the resonances with tha lag node are shifted to 
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Iiljjher rotor '■peeds than In the measurementc . In particular the Rrentert 
Vn! tabllity at the roll mode renonance le predicted to occur at ^00 rpn, 
Inctev’ of 750 rpn as measured (Fig. P). In addition, the body no’e 
dnmpinc 1^ not predicted an well as with the complete inflow dynarolcr . 
no ’el. !fcnoe for this problem the quaslstatlc inflow model is not eccepiuble. 

"Igr. 9 .in^ 10 show the body mode damping as a function of cclleotlvc 
pitch at 1^50 rpn. Again, the use of the Inflow dynamics model rrodtjcer 
^:ood correlation, perticulorly for the roll mode. There is a rignlfleant 
Influence of the unrt€fi''’y aorodyannlcs oven at a collective of 10^, uMoh 
nay het cxnecte'’ rlnco the lift deficiency function if still rurh le*s 
than 1 11)* remits with the quaslstatlc model stow a large 

ro’uctlc'M In danrlng around a collective pitch of where the thmrt 

Ir xnd ro the static lift deficiency function is alro rero. 

91SWI.TC r-r* a'NFIClIThTTfN 4 

'.n ?lcr, 17 to 1? the neaaurcd modnl frequencies and damping for 
oonflc’Titlon (the stiff flap flexure) nre compared with raleuliiilonr. 

The ooliootlvo pitch Is zero in this case. Without the inflow dynanlc? 
mo<’el, the correlation it. similar to that for configuration It the pre^’lctod 
wU mo’e frequency is too low at rotor speeds above the resonance (*^lc. 13)! 
the regressing lag mode la too stable at the roll node resonance (Fig, lh)j 
an’ the calculate-’ roll m<y*e damping Is much too high (Fig. I5). In • 
addition, the calculated frequency of the pitch node does not natch either 
of the no-’er cbr.erved helow 3 Ws In the experiment (Fig, 13). The raleulatcd 

OR 

op 
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recrerrinc nar> node has high damping, and so can not correspond to one 
the noarurod modes. The damping of the pitch node calculated without 
the InHow dynanlor la shown on both 7lg. l6 and Fig, 17, but t^^lF compnrlrcn 
I*' not. meaningful r-lnce the frequency does not natch either nenrure.' no<-’e. 

’..Mth the InflcK '’ynanlcs model, the frequencies are well pre-'lcted, except 
Scr the roll no’e at rotor speeds from to 350 rpn (fig- 1?). for 
"cnflgurTtlon 1, the prediction of the lag node damping Is Improved 
I'Os an’ the correlation of the calculated and measured roll mode I’anring 
Ir very goo’ (Fig, 15)‘ 'breover, no»' two nodes are predicted to occur 
veio!' 3 and the calculated nodes correlate well with the mear\u*ed 
•yr\r In both frequency and damping (Figs, 1?, l6, and 17), The low frequency 
nu’e Ic now ldentlf,lcd ar the Inflow mode, although itr eigenvector Involve^ 
conrlderablc not.lon of the body rotor. 

’•'or thlr configuration, the correlation If not good at the resonance 
between the regrerrlng flap mode and the body roll mode (/X » ^ 35f I'T, 

Fig. 12). The calculatlonr show nuch more coupling than the neasurenentr , The 
frcquencier calculated without aerodynamic forces (Fig. 1*1) show the rano 
effect, ro the coupling Ir due to the rtruetitral dynamics of the ryrten, 

'’’his roronnnee occurr at a flap frequency of about which ruggoct- 

th-t the rpcblen involves some high frequency aeroelantic phenomenon. The 
prt>blen cr\»ld be a deficiency In the aerodynamic model at high froquenclor; 
or porrlbly some higher node of the rotor or body Ir Involved. 

•’be ruccerrful prediction of the low frequency nodes neas\ired in the 
tart of configuration 4 raises further questions. Flrrt, what la this 
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Inflow Mode? That is is raeaaureable is surprising^ since in fact the Inflovi 
v^uriablcf V and \ do not correspond to real physical states of the 

r, J 

systea. This node nay he interpreted as follows. The unsteady aerodynamics 
Introdiicec behavior of the system, as observed, in either the tine or 
fre(iui=:ncy domain, that can be approximated by an additional oscillatory 
no'^e with low or moderate damping (the experimental procedure ured to 
".ensure ihe frequency and damping only works for such modes), Approxin.ntinc 
the behavior by an additional node implies then the existence of additional 
‘■tater or degrees of freedom of the system. 


The secoiv^ question ir- vjhy the inflow node was observed in the tertr 
nf cunfl.c\iration 4, but not for configuration 1. '.'ith increased flar 
riiffnec*-, the regrer.ring flap mode will be more coupled with the body 
•notion. 'Hne great coupling betvieen the flap motion and Inflovr variables 
then inpller that the inflovr dynamics will have more influence on the body 
noUonr for configuration 4 than for configuration 1. The pitch and inHo'w 
no'*e"' were measured by applying a pitch moment impulse to the body. Then 
the modal frequencies were identified from the magnitude of the rpeotr"p 
of the resulting transient pitch motloni and the corresponding •^’amping was 
estimated using the moving block technique (Hef. l). Consider wh?t the 
onleulatlonr imply about the task of identifying the pitch and Inflo.f oodcs 
from the body pitch motion. Figs. 19 and ?0 show the damping ratio of the 
low frequency nodes for the two conf igtirationr , and Table 3 summarlrer’ the 
results for jfl, " 65 O rpn. For configuration relative to conflgtirition 1, 
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'^>^10 ?, Pitch and Tnflow Mpf’e Characterl?^tlcr (XI* C'jO 


Conficiuratlon I Configuration 

ritch nof’e 


Trequency 

Hz 


Tiinr>lne ratio 

0.11 

o.p 

’ nof’e 



'frequency 

0.4? Hz 

0.74 !k. 

TVimplns ratio 

0.59 

0.?7 

ccntri>iutlf>ar of 



Inflow nn^ ’’itch no'^es 



to ritch notion 

0.0*' 

o.?c 



? ^ 

4 ’" 


-lit- 


•? 

A- «, 
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the -^anping ratio of the pitch noc’e Is lnci‘eace<' while the damping ratio 
of the Inflow node Is decreased. This Implies that the Inflow node will 
he more ohcervahle for conflgviratlon 4, since the damping ra' o detemineo 
the relative width of the resonant peaks. Note that with a damping ratio 
of 0.'^, the frequency response will hardly show a resonant peak at nil; 

7n o'’dition, the snail frequency of the Inflow node for configuration 1 
rouV noke. It more •’ifflcult to measure that mode* since the experimental 
•’at-; reduction procediu"c had a frequency recolutlcn of 0.? Hs. The rerponre 
rf the body pitch notion to an applied moment can he characterised by a 
pol'^-:.•ero plot, shown In ^igs. and 22 for the two configuration®. 

la’-ger repar';ticn of the Inflow root from the zero for configuration 
-ore participation of the Inflow mode In the pitch rerpra^c. 

Tho rno^'’! contribution can he quantified by considering the ratio of the 
cosffirlents of the pitch and Inflow nodes in the partial fraction expcnrlcn 
of the -Atch rer-ponse. This ratio Ic for configuration 1, .and 30?? for 
oonf ig'iratiop h ('IVthle 3s the next largest contributions, from the 
n,T’ r,:;’ lag nodes, are iipproxinately lOf? of the contributicr. of the inflow 
mo’c). '’hr. frequency rerpons-e of the body pitch notion to an applle'* 
nenent is shown in ^lg.*». 03 an'’ 2 h fc- the two configurations. The 
calculation:' confiim that the Inflow mode should be obser\'able for conflcurati''n 
but not for configiaTitlon 1. 


XKCLUSICNS 

Calculations, of the nodal frequencies, an*’ ■’anplng for a hingelors 
rotor on a gimballed. support in hover have shown good correlation with 
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neacnreneatr when an Inflow c^ynajnlcs model is used to account for the 
Influence of unr toady aerodynamics. The influence of the un^tea-^y 
.lerodynanlcr wa: Flgnlf leant for this syetem. One of the modes in the 
measure'’ '’ata hr.r been i'^entlfied as an inflow mode, denonntratlnc that 
the unctea 'y aerodynamlcr arc well reporesented by an augmented otatc model 
5n this case, and that the inflow dynamics node is directly nearureable. 
The rena ininn 'discrepancy between the measured and calculated result'- 
Involved the resonance between the flap and roll nodes at lovr rotor 
r T-ea'd for configuration h. Further 'development and verification of this 
Inflor 'dynailcr no'del vrlll require ccnparlson with data for additional 
rotor .'yrtemr, and extension of these Investlgatlonr to 


forvrard flight. 
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